The spatial profile of ultracold atoms reflecting from an exponentially decaying magnetic potential depends on parameters such as the corrugation in the magnetic potential and the temperature of the atomic cloud. We report on experimental investigations of the effect of projection velocity which determines the strength of the interaction of the atom cloud with the magnetic potential and the effect of temperature of ultracold 87 Rb atoms reflecting from a periodic one-dimensional corrugated magnetic potential. The magnetic potential is generated on an atom chip by a periodic permanent magnetic structure of period 10 µm. The amplitude of the corrugation is controlled by applying a uniform external-bias magnetic field.
I. INTRODUCTION
Hybrid quantum systems [1] based on Bose-Einstein condensates (BECs) are currently of considerable interest for exploring how macroscopic coherent matter interacts with solid-state surfaces and devices. Atom-chips [2] [3] [4] offer much flexibility, allowing a BEC to be positioned at distances within a few micrometers from the solid surface in a controlled way with nanometer resolution. Such control offers a broad prospective for exploring quantum effects in coupled macroscopic systems such as a BEC coupling to a micromechanical cantilever [5] , a superconducting wire [6] , a superconducting quantum interference device [7] , and a transmission line resonator [8] .
A similar motivation is to study how a BEC interacts with microstructures made from permanent magnetic films and how such an interaction can be used to manipulate a BEC. Examples such as a magnetic mirror [9] [10] [11] and a one-dimensional (1D) [12] or 2D [13, 14] magnetic lattice are based on the magnetic interactions between the magnetic dipole moment of the atom and magnetic field profile produced by the permanent magnetic microstructure fabricated on the atom chip. A previous study indicates that the controlled corrugation in the exponential magnetic potential can be used to manipulate the spatial profile of reflecting ultracold atoms [15] . In the case of a reflecting BEC such a scheme offers a controlled way to modify a macroscopic wave function considerably from a size of the order of tens of micrometers to a few millimeters. In such a scheme the profile also depends on the temperature of the cloud and the interaction of the cloud with the induced corrugation.
In this article we present an experimental investigation on how the profile of a reflecting cloud of ultracold atoms depends on the strength of the interaction of the atoms with the corrugation and on the temperature of the cloud. The results are supported by numerical calculations. Our experiment is based on a hybrid atom chip which consists of current-carrying wires and a microstructure coated with a multilayered permanent * Present address: Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, Boltzmanngasse 3, A-1090 Vienna, Austria; naturemandip@gmail.com magneto-optical film of TbGdFeCo. The atomic cloud or BEC can be moved close to the structure by changing the current in the atom-chip wires. We measure the profile of the atomic cloud after its interaction with the microstructure for different initial conditions such as projection velocity and temperature.
II. ATOMS IN THE MAGNETIC POTENTIAL
We consider a perpendicularly magnetized grooved structure of period a as shown in Fig. 1 . The perpendicular magnetization M z generates sinusoidally varying magnetic field components above the surface and the magnetic field magnitude decays exponentially from the surface. In the case of an infinitely large structure, the magnetic field components at a distance along the z direction larger than a/4π can be written as [16] 
where B 0 = B s (e kt − 1), k = 2π/a, t is the film thickness, and B bx , B by , and B bz represent the bias field along x, y, and z, respectively. In the absence of bias fields, the magnitude of the magnetic field is given by
Thus, the magnetic potential V (r) = g F m F µ B B(r) for an exponentially decaying field repels atoms in weak fieldseeking states m F g F > 0 away from the surface, where m F is the magnetic quantum number, g F is the Landé g factor, and µ B is the Bohr magneton. An external uniform bias field in the y-z plane can induce a periodic corrugation in the decaying potential, which produces an additional force component parallel to the surface (along the y axis). The net effect can significantly alter the profile of the reflected cloud, which is discussed in detail in Ref. [15] . A periodic corrugation in the potential can also produce Bragg diffraction of a BEC [17, 18] . If the de Broglie wavelength of the atom moving in the potential is much smaller than the corrugation length scale (which is about 10 µm in this experiment), then the force acting on the atom can be written classically as [15] 
where r = xî + yĵ + zk, m is the mass of atom, g is the gravitational acceleration along the z axis, and the magnetic field magnitude [from Eqs. (1), (2), and (3)] can be written as
Then the magnetic field gradient is found to be B(x,y,z)k .
From Eqs. (5) and (7) the trajectory of an atom in the magnetic potential can be calculated.
III. ATOM-CHIP CONSTRUCTION
The experiment is based on a hybrid atom chip which consists of current-carrying wires and a permanent magnetic microstructure [12] . A schematic of the atom chip design is shown in Fig. 2 . The microstructure to create the required magnetic potential is fabricated on a silicon wafer of thickness 300 µm. The silicon wafer is selectively etched in an area of 10 mm × 10 mm to form a 1D array of grooves with period of 10 µm and depth of more than 50 µm. The structure is then coated with a multilayer Tb 6 Gd 10 Fe 80 Co 4 /Cr magneto-optical film [19] with an effective thickness of about 960 nm. The top surface is coated with a thin gold layer to achieve good reflectivity for the mirror magneto-optical trap. The whole structure is then perpendicularly magnetized with 4πM z ≈ 3 kG. The measured coercivity of the film is about 6 kOe and the Curie temperature is about 300
• C. The silicon wafer is positioned precisely on a current-carrying structure which is used to trap and cool atoms down to the BEC transition. The atom chip is positioned facedown (gravity along the z axis) in an ultrahigh vacuum chamber so that once released the atoms fall under gravity.
IV. INTERACTION WITH THE CORRUGATED POTENTIAL
About 3 × 10 5 87 Rb atoms in the |F = 2,m F = 2 state are evaporatively cooled close to the BEC transition temperature 400 nK in a Z-wire magnetic trap. The Z-wire trap center is located about 100 µm above the 10-µm-period microstructure where the magnetic field from the structure is negligibly small. The ultracold cloud is then moved toward the magnetic structure by linearly decreasing the current in the Z wire (1) 6 ms 7 ms (2) (3) (4) (connections 1 and 2 in Fig. 2 ) from 30 to 17.5 A in 15 ms and then quickly reducing to zero after 0.2 ms. During this process B by = 0 G and B bx = 45 G. This action projects the cloud toward the microstructure (along the negative z axis) and the cloud enters an exponentially increasing potential created by the structure. Such a potential produces a repulsive force from the surface and, depending upon the initial speed and corrugation in the potential, the atomic cloud is reflected with a modified spatial profile. After repulsion from the corrugated potential, the spatial profile of the incident cloud of size about 30-50 µm changes to a semicircular arc of millimeter size. The corrugation in the magnetic field intensity here originates from a 1D array of microtraps which are induced by the y component of the magnetic field from the Z-wire current (external bias field B by = 0). The force component along the y axis originates from the nonzero value of ∂B(x,y,z)/∂y. A series of time of flight absorption images of the reflected atoms is shown in Fig. 3 for times of flight of 6-15 ms during free fall. It is evident from the measurements that the size of the atomic profile after interaction with the periodic potential is of the order of millimeters whereas the initial cloud size is of the order of 30-50 µm.
The effect is simulated numerically by solving Eqs. (5) and (7) 
V. EFFECT OF PROJECTION VELOCITY
The distance between the turning point and the microstructure surface (distance of closest approach) depends on the z component of the projection velocity of the atoms, which was kept constant in the previously described experiments by keeping the final Z-wire current (I zf ) at 17.5 A. However, by varying I zf , the distance of closest approach can be changed. For B by = 8 G and B bx = 45 G, the distance of the center of the corrugation from the surface is about 7 µm. The projection velocity determines the relative position of the atoms with respect to the corrugation in addition to the turning point. The experiment is performed for different values of I zf at constant temperature. The rest of the experimental procedure remains the same as described previously. Since the corrugation is induced by the y component of the magnetic field produced by I zf , for a range of I zf from 17.5 to 30 A, the values of the y component also vary. Figure 6 shows a series of absorption images taken for different projection velocities v z after 11 ms time of flight. The first image with v z = 0 shows an anisotropic expansion of a BEC which has not interacted with the magnetic potential. The magnitude of the projection velocity is increased in successive images. A numerical simulation of the experiment is performed using Eqs. (5) and (7) for a = 10 µm, 4πM z = 3 kG, t = 1 µm, B bx = 45 G, B bz = 0 G, and a y component of the magnetic field from I zf of about 8 G (assumed to be constant in the calculations). The results are shown in Fig. 7 , where plots (a) to (b) represent simulations for v z = −32, −42, −62, −82, and −102 mm/s, respectively, and for an initial atomic width of about 30 µm along the y direction where the time of flight is 11 ms for all plots. It is evident from the experimental and theoretical investigations that the effect of the initial velocity considerably modifies the profile of the reflected atoms. This is due to the different strengths of interaction with the corrugated magnetic potential.
VI. EFFECT OF TEMPERATURE
In the experiment previously described, the temperature of the ultracold cloud is kept constant. However the effect of increasing temperature can blur the circular arc profile of the reflected atoms. The cloud temperature is controlled by the final frequency of the rf evaporative sweep. An increase in the final rf results in a higher temperature with a larger number of atoms in the cloud. The rest of the experimental procedure is the same as before. The profile of the reflected cloud for a constant corrugation for different cloud temperatures is shown in Fig. 8 . The first image is for a pure condensate and images 5, 6, 7, and 8 are the profiles of the atomic cloud (above the BEC transition) at the measured temperatures of 0.54, 0.74, 1.48, and 2.3 µK, respectively. There is no observable difference when the cloud enters the BEC phase. This could be limited by the resolution of our imaging and also by the recoil velocity caused by the 10-µm lattice (∼0.46 mm/s), which is much smaller than the horizontal velocity due to corrugation, ∼90 mm/s. In order to observe an effect such as diffraction by the lattice, the period of the corrugation should be sufficiently small to have recoil momentum components large enough to be resolved. On the other hand, as the temperature of the cloud is increased a blurring of the profile is observed which is due to an increase in the number of atoms and the velocity spread of the initial cloud. This results in a larger cloud size both in position and momentum space, which leads to the blurring effect due to different initial conditions. In images 5-8 the higher density of atoms at the center of the arc is due to the fact that all of the atoms in the cloud are not interacting equally with the corrugation because of their different locations and momenta.
VII. SUMMARY AND CONCLUSIONS
We have presented experimental results on the effect of projection velocity and temperature on the spatial profile of ultracold atoms reflecting from a corrugated magnetic potential of period 10 µm. The experimental data agree with calculations based on a classical approach. The corrugated potential changes the size of the atomic cloud from about 30 to 50 µm to a semicircular arc of size of the order of millimeters. The maximum horizontal component of the measured velocity of the atoms is about 90 mm/s (for the given
(5) (6) experimental conditions), which originates from the nonzero value of ∂B(x,y,z)/∂y due to the induced corrugation. Such an experiment may have potential application where a large spatial size and a specific profile of a free-falling BEC or a cloud of ultracold atoms is required. The present study also helps in understanding how the parameters of the potential determine the profile characteristics, which can help to explore more complicated potentials in higher dimensions.
